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Demand for lightweight, highly reflective and mechanically compliant mirrors for optics exper-
iments has seen a significant surge. In this aspect, photonic crystal (PhC) membranes are ideal
alternatives to conventional mirrors, as they provide high reflectivity with only a single suspended
layer of patterned dielectric material. However, due to limitations in nanofabrication, these devices
are usually not wider than 300µm. Here we experimentally demonstrate suspended PhC mirrors
spanning areas up to 10 × 10 mm2. We overcome limitations imposed by the size of the PhC and
measure reflectivities greater than 90 % on 56 nm thick mirrors at a wavelength of 1550 nm – an un-
rivaled performance compared to PhC mirrors with micro scale diameters. These structures bridge
the gap between nano scale technologies and macroscopic optical elements.
Photonic crystal (PhC) membranes are suspended di-
electric sheets patterned with sub-wavelength, low-index
two-dimensional periodic structures [1]. These patterns
give rise to resonances that couple out-of-plane radiation
to in-plane leaky modes, and can be engineered to trans-
form a flat membrane into a mirror [2], a lens [3], or even
a curved mirror [3–5]. Here we study a PhC consisting
of a periodic lattice of holes in a membrane, whose hole
radius and lattice constant can be tuned to reflect light
at a wavelength of choice. When fabricated from ma-
terials with low optical absorption such as low-pressure
chemically vapor-deposited silicon nitride (LPCVD SiN),
one can realize mirrors with sub-wavelength thicknesses
and reflectivities > 99 %, mostly limited by scattering
losses, as shown in [6]. LPCVD SiN thin films also en-
able the combination of PhC mirrors with low thermal
noise mechanical oscillators, due to their high intrinsic
stress, thin geometry, and weak coupling to undesired
thermal modes [7, 8].
Microfabrication processes have so far restricted sus-
pended PhC mirrors to areas around 300× 300 µm2 [6].
This size sets an upper bound to the waist of incident
Gaussian beams, since wider waists do not completely
interact with the PhC, resulting in decreased reflectiv-
ity. But the waists also have a lower bound: very small
waists have a high divergence and couple to undesired
PhC modes, which leads to shifting, broadening and shal-
lowing of the high-reflectivity crystal resonance. These
adverse finite-size effects have been consistently mea-
sured in very thin mirrors with thicknesses below 0.1λ,
where λ is the wavelength of the reflected light [7, 9–
11]. The ability to fabricate larger PhC mirrors with
increasingly thinner membranes could greatly facilitate
the combination of high reflectivity and low mechani-
cal losses [7]. These properties indicate the potential
that PhC mirrors may have for reducing thermal mirror
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coating noise which stands as a limit in precision mea-
surements such as atomic clocks [12], frequency-stabilized
lasers [13], and gravitational wave detectors [14]. At the
centimeter scale, PhC mirrors could have more immedi-
ate applications as deformable mirrors with adjustable
wavefront [15], or evanescent field sensors with a large
interaction area [16, 17].
In this letter we experimentally demonstrate free-
standing SiN photonic crystal mirrors with thicknesses
of 56 and 210 nm and areas of up to 10× 10 mm2. Not
only do we increase the area of suspended PhC mirrors
by nearly 4 orders of magnitude compared to previous
works, we also show that these large aspect-ratios allow
us to achieve high reflectivity from membranes thinner
than previously measured. We observe greater than 90 %
reflectivity of 1550 nm light from mirrors with a thick-
ness of 0.038λ (56 nm) – a significant increase compared
to previous devices with similar thickness and wave-
length [9]. Such large structures allow studying the spec-
trum of PhC membranes as a function of incident beam
waist with less constraints from finite size effects.
Our suspended PhC mirrors are fabricated from high-
stress (1 GPa) LPCVD SiN films deposited on 200µm
Si wafers. The geometry of the PhC structures is op-
timized for each desired film thickness to a wavelength
of 1550 nm using finite-difference time-domain (FDTD)
simulations [1]. The structures are patterned on the SiN
films using electron beam lithography and a plasma etch-
ing process (CHF3 + O2). Stitching errors occur about
every millimeter due to stage drifts during the beamwrite
and are on the order of 1µm wide. One of the fun-
damental challenges for large aspect-ratio membranes is
suspending them without causing any fractures. Typi-
cally liquid etchants such as KOH or TMAH are used
to release free-standing SiN structures from their Si sub-
strates. However, such wet processes produce a number
of forces, like turbulences and surface-tension at the in-
terfaces, which can easily destroy the fragile suspended
PhC mirrors. These methods also leave residues that neg-
atively impact the optical performance of the mirrors, re-
quiring additional liquid cleaning steps that decrease the
the fabrication yield, specially for large area devices [18].
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2Figure 1. PhC mirrors and characterization setup. (a) Sketch
of a suspended PhC mirror (top) and a photograph of a
10 mm-wide, 210 nm-thick PhC mirror next to a commercial
1/2 inch mirror for size comparison (bottom). The rectangu-
lar shaped patterns within the PhC are stitching errors from
the mainfields of the beamwrite, which do not affect the mea-
sured reflectivity significantly. The inset shows a scanning
electron microscope picture of the actual photonic crystal.
The full mirror is made up of around 6 · 107 holes. (b) Il-
lustration of the cross section of the mirror. The thin mem-
brane is made of SiN and is supported by a silicon chip. (c)
FDTD simulation of a reflected light mode on a PhC mem-
brane. (d) Simplified setup used to characterize the reflection
of PhC mirrors. We focus a wavelength-tunable laser beam
perpendicularly onto the membrane. The radius of the inci-
dent beam is controlled with a lens system. For each radius,
we acquire the reflection (D2) and transmission (D3) in rela-
tion to a reference beam (D1) that is split off the laser output
using a polarization beam splitter. More details can be found
in Appendix A.
In order to overcome these limitations, we have developed
a stiction-free RIE-ICP plasma release using SF6 [19]. A
hot piranha solution consisting of sulfuric acid and hydro-
gen peroxide is first used to remove surface contamina-
tions on the unreleased structures. This is followed by a
diluted HF solution to smoothen the SiN surface [20] and
remove surface-oxide from the silicon which allows for an
even release of the membrane. Finally, we suspend the
PhC mirrors using the SF6 plasma release. Figures 1(a)-
(c) show a sketch and a photograph of a 10 mm-wide,
210 nm-thin mirror, a scanning electron microscope pic-
ture of the PhC pattern, and numerical simulations of
the reflected optical field.
In order to characterize the optical properties of the
PhCs, we fabricate three devices with different thick-
ness and size: two 210 nm-thick mirrors, 4× 4 mm2 and
10× 10 mm2-large; and a 56 nm-thick, 1.6× 1.6 mm2-
large one. We measure the mechanical spectrum of the
fabricated devices to match those of bare square mem-
branes with the same intrinsic stress. This indicates
that despite the unconventionally large areas, the ma-
terial stress remains high, which should guarantee the
membrane’s flatness, an important point when develop-
ing high reflectivity mirrors. This is also a relevant obser-
vation when estimating the thermal displacement noise
of this type of device. More details can be found in Ap-
pendix B.
The devices are characterized by focusing a
wavelength-tunable laser beam perpendicular to the
PhC mirrors (Fig. 1(d)). We measure the reflected and
transmitted power and compare it to a reference beam
that does not interact with the devices. For calibration,
we use a commercial broadband mirror at the same
position as the PhC mirrors. The laser is tuned from
1530 to 1630 nm. The recorded signal is normalized to
the reference arm and to the calibration mirror to obtain
the reflectivity spectra for multiple beam waists. We
vary the beam radius between 8µm and 1.1 mm using a
lens system placed in front of the PhC membranes. This
allows us to analyze the behavior of PhC membranes
with different thicknesses to laser beams of varying sizes.
Figure 2 shows a selection of measured spectra of the
210 nm-thick, 4× 4 mm2-large and the 56 nm-thick de-
vices. While the PhC is completely released, for testing
purposes the chip itself is not fully etched through (cf.
Fig. 1(b)). This results in a parasitic interference pat-
tern with a periodicity of 1.8 nm on top of the expected
PhC spectra, corresponding to a 200µm-thick Si etalon.
Since the frequency of this interference is well defined, we
post-process it by band-pass filtering the data. Appendix
C contains the full set of acquired spectra, as well as a
detailed description of the data processing.
The spectra of the 210 nm-thick PhC mirror, shown in
Fig. 2(a), exhibit a resonance at 1549 nm that varies lit-
tle with the incident beam waist. At 1573 nm a parasitic
resonance emerges whose width increases as the waist
becomes smaller. This can be understood by consider-
ing the decomposition of a Gaussian beam with waist
w0 into plane waves [21]. The decomposition in terms
of incidence angle is weighted by a Gaussian distribu-
tion with a standard deviation equal to the beam diver-
gence θ = λ/piw0. A large waist w0 has a small diver-
gence θ, which is a good approximation to a plane wave
with a zero angle of incidence. As w0 decreases, θ be-
comes larger, and so plane waves with larger angles of
incidence have a stronger weight on the decomposition.
These waves can couple to PhC modes other than the res-
onance of interest, giving rise to parasitic features such
as the one observed. We can apply the same reasoning to
explain the increase in maximum reflectivity of the main
resonance: the device geometry was optimized assuming
a plane wave with normal incidence. Hence, beams with
a large waist approximate this condition better, which
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Figure 2. Reflectivity spectra of the PhC mirrors. Shown is a
selection of measured reflectivity spectra of PhC mirrors with
film thickness of (a) 210 nm and (b) 56 nm. Each spectrum
shows the reflection of a Gaussian beam with the specified
waist. As the waist increases, the incident beam approaches
the behavior of a plane wave, for which the devices are opti-
mal, and so the maximum reflectivity increases. Due to the
finite size of the 56 nm PhC mirror, its reflectivity drops as the
incident beam becomes larger than the PhC area. The data
were digitally processed to remove parasitic interferences from
the substrate (see Appendix C for details).
results in a reflectivity closer to the optimized one.
In Fig. 2(b) we observe that the main resonance of the
56 nm-thick membrane exhibits stronger shifts in wave-
length, width and maximum reflectivity with varying
beam waist, in comparison to the 210 nm-thick device.
As explained in the work of Bernard et al. [9], the spec-
tral response of plane waves incident on a PhC mirror
depends on the angle of incidence. This dependence is
stronger for thinner devices and results in large resonance
wavelength shifts. Therefore, as the beam waist decreases
– and its divergence increases – the reflectivity of thin
devices is more strongly attenuated. On the other hand,
due to the small size of the 56 nm-thick PhC mirror (area
of 1.6× 1.6 mm2 vs. 4× 4 mm2 for the 210 nm-thick de-
vice) beams with waists larger than 280µm are partially
scattered outside the PhC and exhibit a decreasing max-
imum reflectivity (see below).
Figure 3 shows the maximum reflectivity of all PhC
membranes as a function of the incident beam waist. As
described in the previous paragraphs, larger beam waists
approximate the design conditions of the PhCs better,
reducing the amount of light that couples to unwanted
modes. As such, the maximum reflectivity increases for
larger beams. We verify this behavior with simulations
and plane wave decomposition: starting with the geom-
etry parameters that resulted from the FDTD optimiza-
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Figure 3. Maximum reflectivity as a function of incident beam
waist. We show the maximum reflectivity for several PhC
thicknesses and membrane sizes, highlighting the potential of
these structures as large-area, high-reflectivity mirrors. For
comparison, we include simulations, represented by lines, ob-
tained from plane wave decomposition of Gaussian beams us-
ing RCWA. The reflectivity of the 56 nm-thick PhC mirror
decreases when the optical beam becomes comparable to the
PhC diameter, underlining the importance of finite size ef-
fects. The measured data have an uncertainty in reflectivity
of ±0.6 %. The uncertainty in the beam radii results from
propagating the estimated uncertainties in the positions of
the lens sets. For more details see Appendix A.
tion and that were patterned on the SiN membranes, we
simulate the reflectivity of plane waves with varying an-
gles of incidence at the resonance wavelength using rig-
orous coupled-wave analysis (RCWA) [22]. The reflec-
tivity at each beam waist is then the weighted sum of
the simulation results, following a Gaussian distribution
with standard deviation θ, which is further described in
Appendix D.
The reflectivity of the 56 nm-thick PhC mirror de-
creases when the beam radius measures between 280
and 390µm. Considering that the field amplitude of
a Gaussian beam falls as e−r2/w20 , where r is the dis-
tance from the beam’s center, we expect 99 % of the
field to be within a diameter of 6 × w0. Since the PhC
measures 1.6× 1.6 mm2, beams with waists larger than
1.6/6 mm = 270µm will have larger field components re-
flecting off the area outside the PhC. This allows us to
observe a smooth transition between two regimes: one,
for small waists, where the PhC response is limited by a
large beam divergence and another one for large waists,
where the limitation is the finite size of the device. Be-
tween these two bounds we see a plateau where the max-
imum reflectivity >90 % is approximately constant. To
the best of our knowledge, this is the highest reported
reflectivity of a 56 nm suspended PhC mirror, operating
in a regime with lower beam divergence and finite size
limits.
In conclusion, we fabricate and characterize the first
4suspended PhC mirrors that span areas up to square-
centimeters, with reflectivities exceeding 99 %, which are
only limited by our measurement precision. Previous at-
tempts focused on devices not wider than 300 µm, result-
ing in strong limits to the maximum achievable reflec-
tivity, in particular for devices thinner than 0.13λ. By
measuring the reflectivity spectrum of the PhC mirrors
for varying incident beam waists, our work shows that
these devices are indeed strongly affected by finite size
effects. In particular, we observe a reflectivity of 90 % for
a 0.036λ-thick PhC mirror at a wavelength of 1550 nm,
whereas previous reports of devices with similar thickness
were limited to 62 % [9, 11]. Despite the presence of fab-
rication errors in the lithography process for the largest
device (see Fig. 1(a)), we suspect that its performance be-
comes insensitive to small defects in the PhC lattice for
large beam waists, since the reflectivity shows no appre-
ciable changes with increasing waists (see Fig. 3, 210 nm
data). Since larger incident beams sample a larger area of
the PhC structure, we observe that the reflectivity seems
robust to imperfections in the 2D array of holes that arise
from drifts or poor stitching during lithography. It is
also important to note that these mirrors could be im-
proved even further with more sophisticated methods of
lithography. Electron beam lithography is prone to stage
drifts during exposure and secondary back-scattering of
electrons from the substrate which produce uneven dos-
ing – both of these effects can lead to an inhomogeneous
lattice constant and variations in hole size. We envision
scaling these devices further to full wafer sizes by using
techniques such as nano-imprint lithography, lithography
stepping, or interference lithography [23].
Due to its high intrinsic stress, LPCVD SiN PhC mem-
branes should remain relatively flat even at larger areas.
Together with the low optical absorption of SiN, this is a
promising platform for light sails in future space probes
propelled by light, such as the Breakthrough Initiative
Starshot [24]. In addition, high-stress SiN membranes
have been shown to have high thermal noise suppres-
sion which becomes better with thinner, larger mem-
branes [7]. At large scales, SiN PhCs could thus be an in-
teresting route towards low-noise suspended mirror coat-
ings. In Appendix E, we include a first-order estimate of
the thermal displacement noise such devices would have,
and make a baseline comparison of their performance to
the well-documented mirror coatings used on LIGO test-
masses.
Furthermore, the fact that these mirrors are suspended
allows them to be used in a variety of applications that
profit from mechanical tuning of mirrors. Deformable
mirrors could be realized with these PhC structures [15],
for example through electrostatic-tuning with arrays of
electrodes close to the mirror, or even as displacement
noise tunable mirrors, using techniques such as optome-
chanical feedback control [25]. Further experiments are
planned to study the transversal mode composition of
the reflected beam and to properly characterize the de-
vices’ optical absorption and scattering using a high fi-
nesse optical cavity. These developments open up a new
paradigm in photonics – one that steers away from the
focus on simply miniaturizing components, but instead
tries to bring the performance of nano-engineered mate-
rials to large scales.
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6Figure A1. Schematic of the complete characterization setup.
See text for a detailed description.
APPENDIX A: SETUP
In order to characterize the optical properties of the
PhCs, we use the setup outlined in Fig. A1. A fiber
coupled Santec TSL510 wavelength-tunable laser is used
as a light source. Its polarization is adjusted with
a fiber polarization controller (FPC) and the beam is
brought into free-space using a triplet collimator (Thor-
labs TC12APC-1550). The first polarization beam split-
ter (PBS) is used as a polarizer to mitigate the effect of
polarization drifts in the fiber part of the setup. The
second PBS splits light into the beam that is going to
interact with the sample (incident beam), and a refer-
ence beam that is detected by D1. We use the reference
beam to remove the effect of power oscillations from the
measured spectra that are not related to the sample. Be-
tween the two PBSs we place a half-waveplate (λ/2) to
control the power ratio between the incident and refer-
ence beams. After the second PBS, the incident beam is
focused onto the sample using a lens set (between 1 and 3
lenses) which are adjusted to change the waist from 8 to
420 µm. Light reflected by the sample is sent into the sec-
ond PBS. We place a quarter-waveplate (λ/4) in the inci-
dent beam path such that the reflected beam is separated
from the incident beam by the PBS and then detected
by D2. Light transmitted by the sample is recorded by
D3.
For every lens system a commercial broadband-coated
mirror is placed at the sample position and record ref-
erence and reflection spectra. These serve as calibration
and remove effects such as losses in the optical path from
the sample reflectivity spectra. The sample is then placed
back and care is taken to ensure good tip/tilt alignment
with respect to the optical beam, since the response of
the PhC is very sensitive to the incident angle. Using
flip mirrors we are also able to send the transmitted or
reflected beam into an infra-red CCD. The camera helps
during the tip/tilt alignment of the sample, or acts as a
reference during the alignment of the lens system.
The reflectivity spectrum R is calculated as
R = VPhC/V
ref
PhC
Vcal/V refcal
×Rcal,
where VPhC and Vcal are the voltage signals of the re-
flected beams from the PhC and the calibration mirror,
V refPhC and V refcal are the reference signals of the correspond-
ing PhC and calibration mirror measurements, and Rcal
is the reflectivity of the calibration mirror, which is speci-
fied to be 99.8(3) %. We consider all measurement uncer-
tainties to be independent from each other, and estimate
the uncertainty in reflectivity ∆R via the method of un-
certainty propagation
∆R =
√√√√∑
x
(
∂R(x)
∂x
∆x
)2
≈ 0.006,
where x = {VPhC, V refPhC, Vcal, V refcal , Rcal}.
To estimate the uncertainty of the beam waist, the
same propagation method was applied. As uncertainty
parameters, the position of each lens (with a count vary-
ing between 1 and 3) and its focal length is taken into
account. The beam was propagated through the lens
system by means of the complex beam parameter and
ABCD matrices.
The photodetectors D1, D2, D3 are home-built surface-
mount-device circuits equipped with a JDSU ETX500
photodiode. By means of electronic design and spectral
characterization, a linear response to the optical input
power is guaranteed.
APPENDIX B: MECHANICAL MODES OF PHC
MIRROR
In order to get a better understanding of the mechan-
ical properties of the PhC mirrors, a displacement spec-
trum was recorded for a 4× 4 mm2 mirror. The device
was mounted in a vacuum chamber and a homodyne de-
tector measured the phase quadrature of the back re-
flected light. Figure A2 shows a spectrum recorded in the
center of the mirror and another spectrum measured at
the edge of it. The off-center spectrum displays mechan-
ical modes which have no net-effect on centered beams,
i.e. modes which are mirror symmetric on two orthogonal
axes. The fundamental mechanical frequency of a bare
square membrane is given by
ωm =
2pi√
2L
√
σ
ρ
, (A1)
where L is the length the membrane, ρ is the material
density (2.7 g/cm3 for SiN), and σ is the tensile pre-stress
in the film, which we take to be 1 GPa, a value defined
by the parameters of the LPCVD deposition process. A
square membrane with the same dimensions and material
properties as the one discussed here has a fundamental
frequency of 108 kHz. Comparing this to the value mea-
sured for our device (117 kHz) leads us to conclude that
the pre-stress remains high even for these unconvention-
aly large suspended areas.
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Figure A2. Measured mode spectrum. Shown is the spectrum of the back reflected light from a 4 × 4 mm2 PhC sample
detected with a homodyne detector. The optical power for this measurement was set to 1 mW, the resolution bandwidth to
100 Hz and the spectrum was averaged 50 times. The device was driven with a piezo actuator connected to a white noise
generator (peak-to-peak voltage 100 mV) inside a vacuum chamber at 1 · 10−5 mbar. Electronic and displacement noise from
the mounting-frame were subtracted from the displayed data. We calibrated the noise from the mounting-frame by measuring
a spectrum with the laser beam focused on the frame. The purple trace (top) shows data obtained with the laser focused in
the center of the device, while for the green trace (bottom) the laser was focused onto the edge of the PhC mirror. The latter
was done to record modes which have no net-effect on the reflected beam, i.e. a (2, 2) mode. The theoretically expected mode
frequencies are highlighted on the upper horizontal axis and match the measured spectrum very closely.
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Figure A3. Unprocessed reflectivity spectra of the PhC mirrors.
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Figure A4. Fourier transformations of the unprocessed optical spectra.
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Figure A5. Filtered reflectivity spectra of the PhC mirrors.
To simplify the analysis, we model the structure as
a simple square membrane without holes. Starting
from the fundamental mode frequency of the device,
we can calculate the frequencies of all higher-order
modes [26], which we plot on the upper horizontal
axis in Fig. A2. We observe a very accurate fit of the
measured higher-order modes (the deviation is around
1 %). The measured spectrum also allows to predict the
noise performance of an optical cavity made with such
PhC mirrors [27].
APPENDIX C: POST-PROCESSING OF
SPECTRAL DATA
Figure A3 shows the full, unprocessed set of measured
reflectivity spectra for the (a) 210 nm and (b) 56 nm-thick
devices. We measured the spectra for several incident
beam waists, which are indicated in the figure legends.
The spectra follow the expected Fano resonance shape,
characteristic for this type of device.
In addition, we also see a parasitic oscillation with a
periodicity of 1.8 nm. This is because the devices are
suspended but the substrate is not etched through. In
fact, to facilitate the testing process, the membranes are
undercut by only a few µm on top of the 200µm silicon
substrate (cf. Fig. 1(b)). The observed periodic pattern
arises from interference of reflections from the substrate
interfaces. Using the thickness of the silicon substrate
and a refractive index of 3.5, we calculate a free spectral
range of 1.7 nm for a wavelength of 1550 nm, which is in
excellent agreement with the observed oscillations. The
periodicity observed on the measured spectra is equal
for all measurements and as such, we remove it digitally
using the procedure described below.
The Fourier transformations of the unprocessed re-
flectivity spectra show peaks (marked by the arrows
in Fig. A4) that are well defined and common to all
measurements, which we associate with the described
etalon effect. These are obtained with the fft.rfft and
fft.rfftfreq commands of the Python numpy library.
9To remove these parasitic features from the Fourier trans-
forms, we apply a Tukey filter, with filter parameter 0.9,
around the identified peaks. The filter was generated us-
ing the function signal.tukey from the scipy library.
Finally, the filtered spectra are obtained by performing
the inverse Fourier transform using the fft.irfft com-
mand. These can be seen in Fig. A5. We carefully verify
that filtering does not change the reading of the maxi-
mum reflectivity.
Figure A6 shows the raw data of the 210 nm-thick,
10 mm-wide device. This device was attached to a single-
side polished carrier wafer using an index matching oil.
Since the bottom surface of the substrate is rough, the in-
terference between interfaces is no longer visible. There-
fore this data set did not require any post-processing.
APPENDIX D: SIMULATED REFLECTIVITY
SPECTRA FOR GAUSSIAN BEAMS
To simulate the expected reflectivity spectra of the
PhC membranes, we use a rigorous coupled wave analysis
(RCWA) [22] combined with a plane wave decomposi-
tion [28]. On the one hand, choosing a RCWA implies
that the simulated spectra are valid only for periodic
structures, i.e. spectral changes caused by diffraction
effects at the membrane’s edge cannot be recreated.
As this approach commonly starts with a plane wave
as the incident electromagnetic field, it also requires to
implement a composition of plane wave spectra when
dealing with Gaussian beams. On the other hand, a
finite element analysis (FEA) can in principle be set up
to compute spectra of a finite, e.g. 10× 10 mm2 large,
PhC membrane excited by a Gaussian beam of waist w0.
However, the simplicity of a FEA approach has disad-
vantages when it comes to hardware, especially memory,
requirements. To faithfully simulate the structure, the
model volume has to cover about 20× 20× 1 mm3 and
still capture the details of the nano-scale membrane,
which increases the memory usage drastically. A RCWA
only discretizes the actual PhC membrane, such that
the reflected field can be retrieved at any point above
or below the structure. Finally, having simulated a set
of plane waves via RCWA allows to assemble Gaussian
beams of any size. For our requirements, the RCWA
approach therefore is most appropriate.
We simulate two different unit cells:
• 210 nm thick, lattice constant 1.355µm, hole radius
0.5014µm
• 56 nm thick, lattice constant 1.526 µm, hole radius
0.6265µm.
Each cell, composed of 140 modes, is excited at a cer-
tain wavelength with 662 plane waves of various polar
and azimuthal angles of incidence. To verify that the
structure is polarization insensitive, the wavelength- and
angle scan is conducted for both s- and p-polarization.
The simulation is built around an open source RCWA
package [29], which rotates the s and p component of
the incident field with respect to the incident angles. To
align the polarization uniformly for all angles, the s- and
p-electric field component E are transformed as
Es 7→ cos(θ)/ cos(φ) (A2a)
Ep 7→ − sin(θ) (A2b)
and
Es 7→ sin(θ)/ cos(φ) (A3a)
Ep 7→ cos(θ) (A3b)
for a s- and p-polarized beam, respectively. Here the po-
lar angle is denoted by φ, while θ is the azimuthal angle.
This set of transformations inverts the global rotation
implemented in the software package.
Having computed the reflection coefficients
rs,p(φ, θ, λ) ∈ C for a plane wave, the reflectivity
of a Gaussian beam with the electric field distribution
E(x, y) =
√
2
piw20
e
− x2+y2
w20 (A4)
at the waist position (z = 0) is obtained by weighting
the reflection coefficients according to the plane wave de-
composition
E(kx, ky) =
∫∫ ∞
−∞
E(x, y)eı(kxx+kyy−
2pic0
λ t+φ)dxdy.
(A5)
Transforming the expression to spherical coordinates, the
power reflectivity spectra are computed via
Rs,p(λ,w0) =
∫∫ |rs,p(φ, θ, λ)|2e− 12 (w0r sin(φ))2 sin(φ)dθdφ∫∫
e−
1
2 (w0r sin(φ))
2 sin(φ)dθdφ
.
(A6)
Figure A7 illustrates the results of the simulations for
a 56 nm and 210 nm unit cell with the parameters given
above. Due to a small mismatch in the cell parameters
the absolute resonance frequency of the measured and
simulated spectra deviate from each other slightly, how-
ever the overall features of the measurement are recre-
ated faithfully. The individual simulations of s- and p-
polarization exhibit virtually no difference, which is im-
portant as we probe the membranes with a circularly
polarized beam. From the data plotted in Fig. A7, the
maximum achievable reflectivity can be readily extracted
by determining the peak reflectivity for each wavelength
and beam waist scan. In figure A8 the results from the
main text are plotted again and the simulated maximum
reflectivity is shown for both polarizations. A zoom into
the last two percent helps reading out the measured val-
ues.
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Figure A6. Unprocessed reflectivity spectra of the 210 nm-thick, 10 mm-wide device.
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Figure A7. Reflectivity simulations for PhC membranes. Reflectivity spectra for s- and p-polarized Gaussian beams of waist
w0. Panel (a) and (b) show data for a 56 nm and 210 nm membrane, respectively.
APPENDIX E: ESTIMATION OF THERMAL
DISPLACEMENT NOISE
Thermal mirror coating noise is currently one of the
main limitations to the sensitivity of high-precision ex-
periments including atomic clocks, frequency stabilized
lasers and gravitational wave detectors. Widely used in
these communities are distributed Bragg reflector (DBR)
coatings made of alternating layers of dielectric materi-
als. One challenge with DBR coatings is that their re-
flectivity has a natural trade-off with the number of lay-
ers used (and therefore the total thickness). Increases
in coating thickness are usually associated with increases
in coating’s thermal Brownian noise. Attaining high re-
flectivity requires DBR surfaces which are commonly mi-
crons thick, while PhC mirrors can realize similarly high
reflectivities with a membrane which is only the thick-
ness of a single DBR layer. Additionally, their suspended
geometry makes them into an easily deformable mirror
surface, which potentially provides mechanical isolation
from substrate (i.e. test mass) noise, and the possibil-
ity to dynamically tune the mechanical properties using
optomechanical techniques.
In order to assess the potential that suspended PhC
membranes could have in these types of applications, we
perform a simplified calculation of the thermal noise per-
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Figure A8. Extracted peak reflectivity compared to measured data. Shown is the same data as in the main text with additional
simulations for various polarizations.
formance of suspended PhC mirrors in this section and
compare it to the thermal coating noise of the a-LIGO
experiment [30].
For large LPCVD SiN mirrors we estimate the biggest
noise contribution to be due to the thermal displacement
noise, which for a square membrane is given by [31]
Sx(ω) =
4kBTmeffωm/Q
m2eff((ω2 − ω2m)2 + (ωmω/Q)2)
, (A7)
where Q is the mechanical quality factor, kB the Boltz-
mann constant, T is the membrane’s temperature, meff
the effective mass of the membrane’s fundamental mode,
and ωm its frequency given by Eq. (A1). The effective
mass can be estimated with meff = m/4 [32], where m
is the physical mass. It is further reduced by a factor of
0.3, which accounts for the mass lost to the PhC holes.
There are numerous limiting factors to the mechanical
quality of a membrane [26, 33]: thermoelastic damping,
surface defects, Akhiezer damping, etc. For LPCVD SiN
membranes, the most relevant factors are acoustic radia-
tion losses and damping from collisions with gas particles.
The acoustic radiation losses into the substrate gener-
ally scale as the ratio between L and the thickness h:
Qrl ∝ L/h [26, 33]. Considering previously measured ra-
diation limited quality factors of 4 · 107 for L/h = 5 · 104,
we can extrapolate the radiation limit for arbitrary sizes
of the PhC mirror. In addition, the quality factor limited
by gas damping is given by [34]
Qp =
(pi
2
) 3
2
ρh
ωm
2pi
√
RT
mg
1
p
, (A8)
where R is the ideal gas constant, p is the pressure,
and mg is the molecular mass of the background gas
molecules. The final Q is given by Q−1 =
∑
iQ
−1
i , where
Qi are the various contributions mentioned above.
In order to estimate the thermal displacement noise of
suspended PhC mirrors, we need to assume some param-
eters. We chose those of the a-LIGO experiment, since
its DBR coated mirrors are well known and character-
ized in terms of noise properties. This allows us to make
a first-order comparison of how suspended PhC mirrors
would operate when scaled up to the same size of the
a-LIGO mirrors.
We take a SiN film thickness of 210 nm, a lateral size
L = 350 mm, and effective mass meff = 12 mg. We
assume the mirrors are placed in a vacuum chamber at
room temperature with a pressure of p = 7 × 10−9 hPa
and that the main background gas component is hy-
drogen [30]. These parameters result in a fundamen-
tal mechanical frequency of ωm/2pi = 1200 Hz and a
pressure-limited fundamental mode mechanical quality
factor Qp ∼ 108. Considering a detection frequency of
100 Hz, we find a thermal displacement noise of around
10−17 m/
√
Hz. For comparison, the thermal coating
noise of the mirrors used in a-LIGO is of the order of
10−20 m/
√
Hz.
These estimates are mainly limited by the environment
pressure, which sets an upper bound to the mechanical
quality factor. By decreasing the pressure further it could
be possible to improve the thermal displacement noise
significantly. Furthermore, suspended mirrors have the
additional advantage that they can be adjusted, for ex-
ample either through the addition of tuning electrodes
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or optomechanical techniques, in order to further reduce
the noise performance in the desired regime.
It is important to note that the focus of this calcula-
tion is the estimation of thermal Brownian noise associ-
ated with the mirror coatings. The presented calculations
and mirror designs are heuristic in nature and only allow
one to make estimates comparing different mirror coating
noise performances. It is however not entirely clear for
example, how the Brownian noise related to the substrate
(or test mass) would couple to such a suspended mirror.
This could be relevant for monolithic cavities in quan-
tum optomechanics experiments at room temperature,
where substrate thermal noise is the dominant source of
heating in laser cooling experiments [32]. In addition, it
has been shown that at increasingly large aspect ratios
the substrate thickness becomes a significant variable in
a membrane’s mechanical quality factor [7]. A massive
substrate could work well in experiments which require
large test masses. How these effects translate to the cm-
scale remains an open question.
